Introduction
============

Impairment of articular hyaline cartilage, can lead to different grades of disability depending on the functionality of the joint, and the grade of cartilage degeneration and destruction (arthritis). Acute trauma of a joint due to a sporting injury or accident, or chronic degeneration of the cartilage due to age, are the main and most frequent causes of severe impairment of articular cartilage that can lead to final stages of osteoarthritis and serious disability ([@b1-mmr-14-04-3066]--[@b3-mmr-14-04-3066]). The most common therapies \[abrasion arthroplasty, autologous chondrocyte implantation (ACI), microfractures and arthroplasties\] may not lead to complete rehabilitation and there is always the risk of side effects, such as infection of total arthroplasty and dislocation of the joint due to stem misorientation or loosening ([@b1-mmr-14-04-3066]--[@b5-mmr-14-04-3066]).

On these grounds, to avoid severe osteoarthritis and the requirement for arthroplasty surgery, research is being conducted in the field of neochondrogenesis ([@b2-mmr-14-04-3066],[@b5-mmr-14-04-3066],[@b6-mmr-14-04-3066]). Neochondrogenesis is a procedure during which the body is stimulated to form newly synthesized cartilage from mesenchymal stem cells (MSCs), at a specific location ([@b2-mmr-14-04-3066],[@b4-mmr-14-04-3066]). Several lines of evidence suggest that neochondrogenesis may become a promising alternative to prevent osteoarthritis. Studies on skeleton metabolism have led to the identification of a number of factors involved in cartilage formation by causing the differentiation of MSCs into chondrocytes ([@b7-mmr-14-04-3066]--[@b10-mmr-14-04-3066]). There are several approaches for administering these factors into the point of interest in laboratory animals and humans. It has been suggested that these factors can be administered directly into the point of interest (damaged cartilage) with rather encouraging results or in the form of a factor saturated scaffold ([@b11-mmr-14-04-3066],[@b12-mmr-14-04-3066]). In addition, in certain cases, apart from being saturated with growth factors, scaffolds contain premature chondrocytes obtained after the *in vitro* differentiation of autologous MSCs isolated from the patient ([@b13-mmr-14-04-3066]--[@b17-mmr-14-04-3066]).

One of the most potent factors that has been investigated for its ability to stimulate chondrogenesis in human MSCs (hMSCs) is transforming growth factor β1 (TGF-β1) ([@b18-mmr-14-04-3066]). MSC transformation into chondrocytes in this case is stimulated though activation (phosphorylation) of extracellular signal-regulated kinase 1/2 (ERK 1/2) ([@b19-mmr-14-04-3066],[@b20-mmr-14-04-3066]).

Insulin-like growth factor 1 (IGF-1) is a potent growth and survival factor in human cancer, and the gene gives rise to multiple heterogeneous transcripts, IGF-1Ec among them, all resulting in the mature form of IGF-1. While the physiological role of IGF-1Ec is under debate, it has been known to participate in skeletal muscle repair, as well as in the cardiac remodeling/repair process ([@b21-mmr-14-04-3066],[@b22-mmr-14-04-3066]).

Recent evidence suggests that the Ec peptide (PEc), resulting from the proteolytic cleavage of the COO^−^ terminal of the IGF-1Ec isoform, is associated with ERK 1/2 activation in various cell lines with adverse effects, including cellular proliferation, differentiation and satellite stem cell mobilization prior to repair ([@b23-mmr-14-04-3066]--[@b27-mmr-14-04-3066]). Also, there are indications that PEc participates in the healing process by affecting the expression pattern of osteogenic and adipogenic genes in MSCs, thus affecting differentiation during wound healing, while the mechanism by which it promotes proliferation and survival in cancer cells may in fact be mediated by a unique receptor ([@b28-mmr-14-04-3066],[@b29-mmr-14-04-3066]). Additionally, it has also been suggested that IGF-1Ec expression is stimulated by tissue damage leading to MSC attraction through PEc prior to repair, as was determined by *in vitro* assays ([@b30-mmr-14-04-3066]).

The aim of the present study was to examine the effects of PEc on hMSCs and the possibility of increasing hyaline cartilage formation, using PEc in combination with TGF-β1 to stimulate MSC migration (PEc) and differentiation (TGF-β1) simultaneously.

Materials and methods
=====================

hMSC isolation
--------------

Human bone marrow was collected from the scrape material of three healthy donors aged 32, 37 and 29 years old, with open femur fractures. The material was used after all the patients filled in a written informed consent form. This study was approved by the institutional ethics committee and all experimental procedures conformed to the Declaration of Helsinki and was given and explained to the patients after the surgery and during their rehabilitation. The acquired marrow was briefly filtered through a 70-mm mesh and the resulting cells were cultured at a density of 25×10^6^ per 75-cm^2^ flask in Dulbecco\'s modified Eagle\'s medium (DMEM) and 20% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The cells were incubated in a standard issue tissue culture incubator (37°C and 5% CO~2~). The media was changed 3 h after initial culture and then every 8 h for the remaining 72 h. The adherent cells were then trypsinized for 2 min at 25°C and examined for expression of the epithelial marker E-cadherin and the mesenchymal marker vimentin ([Fig. 1A](#f1-mmr-14-04-3066){ref-type="fig"}) ([@b31-mmr-14-04-3066]).

Immunofluorescent staining
--------------------------

Cells cultured on culture slides (8-well, BD Biosciences, Franklin Lakes, NJ, USA) were stained by an indirect immunofluorescence method. Briefly, cells were rinsed in 1X phosphate-buffered saline (PBS) and fixed with ice-cold 80% methanol for 10 min at room temperature. They were permeabilized with 1X PBS plus 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 10 min. They were then incubated with primary antibodies overnight at 4°C: Polyclonal rabbit anti-E-cadherin (1:100; ab15148; Abcam, Cambridge, UK) or monoclonal mouse anti-vimentin (1:100; ac8978330; Abcam, Cambridge, UK) in 1X PBS. After 3 washes with 1X PBS, each lasting 5 min at room temperature, cells were incubated for 30 min with goat anti-rabbit IgG conjugated to the fluorescent Alexa Fluor 488 dye (1:2,000, ab150077, Abcam, Cambridge, UK) or with goat anti-mouse IgG conjugated to the fluorescent Alexa 555 dye (1:2,000, A-21422, Thermo Fisher Scientific, Inc.) in 1X PBS. After 3 washes with 1X PBS, each lasting 5 min at room temperature, samples were stained with DAPI (1 *μ*g/ml; Leica Microsystems, Inc., Buffalo Grove, IL, USA) for viewing with an Olympus BX40 microscope (Olympus, Tokyo, Japan).

Cell proliferation
------------------

For the Trypan Blue Exclusion assays, hMSCs were plated at a cell density of 3.5×10^4^ cells/well in 6-well plates and cultured in DMEM and 10% FBS. After 24 and 48 h of culture, the cell number was counted using a hemocytometer (Celeromics Technologies, Cambridge, UK). A 0.4% solution of trypan blue in PBS was prepared and 0.1 ml trypan blue solution was added to 1 ml of cells. Immediately after, a hemocytometer was used to count the number of blue stained cells and the number of total cells. Blue staining cells are considered to be non-viable. Trypan blue exclusion assays determine the actual number of living cells.

Western blot analysis
---------------------

Investigation of phosphorylated (p)-ERK 1/2 and total ERK 1/2 expression in the isolated hMSCs. TGF-β1 (13 nM; Biognos, Waterven, Belgium) and PEc (17, 34 or 68 nM; Eastern Quebec Proteomic Core Facility, Sainte-Foy, Canada) were added in tissue culture wells with hMSCs at intervals of 0, 0.5, 1, 2, 4, 24, 48, 72 and 120 h. Proteins were then isolated using radioimmunoprecipitation assay buffer with the addition of protease and phosphatase inhibitors (all Sigma-Aldrich). Western blot analysis was conducted after protein separation using 60 *μ*g sample loaded onto a 12% sodium dodecyl sulfate-polyacrylamide gel (Sigma-Aldrich). Proteins were transferred to polyvinlydene fluoride membranes and blocked in 0.1% milk in Tris-buffered saline. The membranes were incubated overnight at 4°C in the following primary antibodies: Rabbit anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:2,000; 9101; Cell Signaling Technology, Inc., Beverly, MA, USA), and rabbit anti-p44/42 MAPK (Erk1/2) (1:2,000; 9102; Cell Signaling Technology, Inc.). Subsequently, membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated goat anti-rabbit antibody (1:2,000; AP132P; EMD Millipore, Billerica, MA, USA). Detection was conducted using the Supersignal West Pico Chemiluminescent substrate (Thermo Fisher Scientific, Inc.).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

The expression levels of Collagen (Col) I, Col II and Col X were assessed by RT-qPCR. RT-qPCR was performed in the Biorad IQ5 multicolor Real Time PCR detection system, using Sybergreen Supermix (Bio-Rad, Hercules, CA, USA). RNA extracts were obtained using TRIzol reagent (Thermo Fisher Scientific, Inc.). Each RT reaction was conducted using 1.5 mg RNA mixed with 10 mmol/l dNTPs (New England Biolabs, Ipswich, MA, USA), 0.5 *μ*g/ml oligo dTs (Thermo Fisher Scientific, Inc.) and 3 mg/ml random hexamer primers (Thermo Fisher Scientific, Inc.), it was heated at 65°C for 5 min and quick-chilled on ice. The RT Mix containing 200 U/*μ*l M-MuLV ProtoScript II Reverse Transcriptase, 5X ProtoScript II RT Reaction buffer, 0.1 mol/l DTT and murine RNAse inhibitor (40 U/*μ*l) (New England Biolabs) was then added, and the reactants were incubated at 42°C for 50 min and 70°C for 20 min. Subsequently, each reaction was obtained in 20 *μ*l using 10 *μ*l KAPA SYBR FAST qPCR Master mix (Kapa Biosystems Inc., Wilmington, MA, USA), 2 *μ*l cDNA and 0.3 *μ*mol/l primers ([@b23-mmr-14-04-3066],[@b24-mmr-14-04-3066]). The sequences for the primers used were as follows: Forward: 5′-AGGGCTCCAACGAGATCGAGA-3′ and reverse: 5′-AGGAAGCAGACAGGGCCA-3′ for Col I; forward: 5′-CTATCTGGACGAAGCAGCTGGCA-3′ and reverse: 5′-ATGGGTGCAATGTCAATGATGG-3′ for Col II; forward: 5′-GCTAAGGGTGAAAGGGGTTC-3′ and reverse: 5′-CTCCAGGATCACCTTTTGGA-3′ for Col X; and forward: 5′-CCTCGCCTTTGCCGA-3′ and reverse: 5′-TGGTGCCTGGGGCG-3′ for β-actin (Eurofins Genomics GmbH, Ebersberg, Germany).

The PCR conditions were the same in all three cases: 95°C for 3 min for 1 cycle, 94°C for 3 sec, then 60°C for 30 sec for 40 cycles, and 70°C for 15 sec for 50 cycles (increasing 0.5°C after every cycle) to determine the melt curve. Each reaction was performed in triplicate and values were normalized to β-actin. mRNA levels were quantified using iQ5 Optical System Software (Bio-Rad) and the ΔΔCq method ([@b32-mmr-14-04-3066]).

Alcian blue
-----------

Cartilage matrix deposition in cells cultured in six-well dishes was quantified by Alcian blue staining. Cells were stained with Alcian blue (1% in 3% acetic acid; Sigma-Aldrich) for 30 min, washed three times for 2 min in 3% acetic acid, rinsed once with 1X PBS, and solubilized in 1% SDS. The staining was separately repeated without the final solubilization step. The absorbance at 605 nm was determined using a VersaMax microplate reader for triplicate samples ([@b33-mmr-14-04-3066]) (Molecular Devices, LLC, Sunnyvale, CA, USA). To avoid random differentiation, the treatments were conducted in cells at 60--70% confluency.

Migration/invasion assay
------------------------

Cell migration and invasion were analyzed using the Cultrex cell invasion assay (Trevigen Inc., Gaithersburg, MD, USA) according to the manufacturer\'s instructions. Briefly, for the invasion assay, the membrane in the upper chamber of the 96-well plate was coated with 0.5X basement membrane matrix/Matrigel. For the migration assay, the membrane was left uncoated. hMSCs were starved in serum-free medium for 8 h prior to the assay, then seeded at a density of 5×10^4^ cells/well. After seeding (24 h), the cells on the lower surface were dissociated by aspiration and counted using a hemocytometer.

Wound healing assay
-------------------

Isolated MSCs were cultured in DMEM supplemented with 10% FBS and then seeded into 24-well tissue culture plate wells at a density of 4×10^6^ cells/well, so that after 24 h of growth, they should reach 90--95% confluency as a monolayer. The monolayers were scratched with a sterilized 200 *μ*l pipette tip vertically across the center of the well. After scratching, the wells were washed twice with 1X PBS to remove the detached cells and replenished with fresh medium containing either TGF-β1 (13 nM), PEc (17 nM) or TGF-β1 (13 nM)+PEc (17 nM). Scratched monolayers replenished with just fresh medium were used as control samples. Images were collected at 0, 8, 16, and 24 h using a Olympus BX40 microscope. Afterwards, the tscratch software, version 7.8 (Computational Science and Engineering Laboratory, Swiss Federal Institute of Technology, Zurich, Switzerland) was implemented in order to perform image analysis to measure the gap areas.

Statistical analysis
--------------------

Changes in gene expression levels and cell numbers were assessed using one-way analysis of variance (SPSS v. 11 statistical package; SPSS Inc., Chicago, IL, USA). Where significant F ratios were found (P\<0.05), the means were compared using Tukey\'s post-hoc tests. All data are presented as the mean ± standard error of the mean. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Effect of PEc on MSC stimulation
--------------------------------

Exogenous administration of the synthetic human PEc peptide stimulates the MSCs, as was determined by western blot analysis to determine the expression of p-ERK 1/2. This was also demonstrated for TGF-β1. Further analysis prior to determining the optimum concentration of exogenous PEc, suggested that administration of 17 nM PEc led to a prolonged phosphorylation time of ERK 1/2 compared with the higher concentrations used in this study ([Fig. 1B](#f1-mmr-14-04-3066){ref-type="fig"}).

Effect of PEc on MSC proliferation
----------------------------------

Since PEc has previously been demonstrated to affect cellular proliferation in various cell lines, the effect of PEc on MSC proliferation was also examined. Exogenous administration of PEc on hMSCs was not associated with a significant increase in cell proliferation at any of the concentrations used (results not shown).

Expression of collagen
----------------------

Since ERK 1/2 phosphorylation is associated with hMSC differentiation towards a chondrocytic fate, hMSCs treated with the optimum concentrations of PEc and with PEc+TGF-β1 were examined for their expression of Col I, which is mainly expressed in tendons, ligaments and brittle cartilage, Col II that is the basis of articular and hyaline cartilage, and Col X that is expressed by hypertrophic chondrocytes during endochondral ossification ([@b34-mmr-14-04-3066]). It was determined that the administration of PEc and PEc+TGF-β1 were associated with a significantly lower expression of Col I at the 15th day compared with the effects of TGF-β1 alone, and they presented similar levels of expression as the untreated hMSCs ([Fig. 2A](#f2-mmr-14-04-3066){ref-type="fig"}).

Col II expression was significantly higher in all the conditions examined compared with the untreated hMSCs, through the course of the study. Although PEc appears to be associated with a significant increase in Col II at days 4, 6 and 8 compared with the Col II levels obtained by TGF-β1 and PEc+TGF-β1 administration, at day 10 and 15 no significant difference was identified in the Col II expression stimulated by PEc, TGF-β1 and PEc+TGF-β1 treatments ([Fig. 2B](#f2-mmr-14-04-3066){ref-type="fig"}).

None of the factors examined were associated with a significant increase in Col X through the course of the study ([Fig. 2C](#f2-mmr-14-04-3066){ref-type="fig"}).

Differentiation of hMSCs into a chondrocyte lineage
---------------------------------------------------

The stimulation of hMSCs towards chondrocytes was also examined by Alcian blue quantitation, where it was determined that PEc and PEc+TGF-β1 presented similar levels of Alcian blue staining to that obtained by TGF-β1 treatment alone, through the course of the study (15 days) ([Fig. 3A and B](#f3-mmr-14-04-3066){ref-type="fig"}). Spontaneous differentiation towards chondrocytes was examined in untreated hMSCs incubated in tissue culture conditions for 15 days. No significant transformation was observed of the untreated hMSC towards chondrocytes by Alcian blue staining after 15 days in tissue culture conditions (results not shown).

Recent evidence suggests that synthetic PEc can induce mesenchymal cell mobilization *in vitro*. Prior to that, the ability of PEc and of PEc in combination with TGF-β1 to attract mesenchymal cells, was examined using a migration/invasion assay. PEc presented a significantly higher rate of mesenchymal cell migration and invasion capacity compared with TGF-β1 (P\<0.05), and the combination of the two factors was associated with a significantly higher mesenchymal cell migration and invasion capacity than PEc alone ([Fig. 4A](#f4-mmr-14-04-3066){ref-type="fig"}).

To further examine the effect of these factors on hMSC mobilization, a wound healing assay was conducted. It was determined that hMSCs treated with PEc+TGF-β1 exhibited a significantly elevated migration level at 24 h compared with TGF-β1 or PEc alone, similar to that obtained by PEc treatment ([Fig. 4B and C](#f4-mmr-14-04-3066){ref-type="fig"}).

Discussion
==========

MSCs are able to differentiate into osteoblasts, chondrocytes, and adipocytes and expand to numbers relevant for clinical application. Growth factors are essential in the chondrogenic differentiation of hMSCs. Previous studies have demonstrated that supplementation of TGF-β1 initiated and improved chondrogenic differentiation of MSCs in a time- and dose-dependent manner ([@b35-mmr-14-04-3066]).

In this study, the effects of PEc (the last 24 aa of the COO^−^ terminal of the IGF-1Ec isoform, not included in the mature IGF-1) on human mesenchymal cell differentiation and migration, alone and in combination with TGF-β1 were examined. Recent evidence suggests that PEc attracts mesenchymal cells prior to the repair of myocardial cells and of muscle cells ([@b26-mmr-14-04-3066]--[@b28-mmr-14-04-3066]), whereas it was also found to inhibit HMSC osteogenic differentiation and induce differentiation towards adipocytes ([@b28-mmr-14-04-3066]). TGF-β1 is a known factior to cause HMSC cells to differentiate towards chondrocytes that has been introduced in clinical practise ([@b12-mmr-14-04-3066]). The aim of the present study was to examine the possibility of using a combination of these factors in clinical practice. It was observed that PEc activates ERK 1/2 in a similar manner to TGF-β1. Since TGF-β1 induces mesenchymal differentiation through ERK 1/2 activation, the effect of PEc on mesenchymal cell differentiation was examined. The results obtained suggest that PEc, apart from inducing mesenchymal cell mobilization, interestingly and in contrast to a previous study ([@b28-mmr-14-04-3066]), can also induce the differentiation towards chondrocytes, similar to TGF-β1. The combination of both factors exhibited a greater effect as shown by significantly higher production of Col II and decreased production of Col I compared with the treatment with the two factors separately, whilst Col X was unaffected.

The effect of PEc, TGF-β1, and the combination of both on the migration and invasion capacities of hMSCs was also investigated. PEc induced hMSC migration and invasion capacities more than TGF-β1, whereas the combination of both factors was associated with a significant increase of the hMSC migration and invasion ability compared with PEc alone. The results from the wound healing assay were similar as it was determined that the combination of these two factors was associated with increased mesenchymal cell mobilization compared with TGF-β1 alone and was similar to that induced by PEc.

These results suggest that the two factors do not negatively interfere with each other in respect to their effect on the differentiation and migration capacity of hMSCs into chondrocytes. The combination of these factors appears to have a synergistic effect in causing hMSC differentiation towards chondrocytes. Furthermore, the ability of PEc to attract hMSCs is not diminished when it is combined with TGF-β1.

Further studies in *in vivo* models are required in order to better assess the effects of the introduction of PEc and of PEc together with TGF-β1 on cartilage formation.
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![Effects of PEc on hMSC activation. (A) Characterization of the freshly isolated hMSCs by immunofluorescence (magnification, ×200). The cells obtained from human bone marrow were examined for E-cadherin and Vimentin expression. It was determined that these cells were not expressing E-cadherin but were expressing vimentin at the protein level. In addition, the cellular morphology as was determined by light microscopy, was confirmatory to the mesenchymal nature of these cells. (B) The effect of different concentrations of PEc on hMSCs was examined by western blot analysis of ERK 1/2 phosphorylation, at different time intervals. It was determined that PEc activates ERK 1/2 whereas its optimum concentration (17 nM) was able to maintain the ERK 1/2 phosphorylation for 24 h, longer than that obtained with TGF-β1 treatment (4 h). (C) The optimal PEc concentration (17 nM) was determined by western blot analysis of ERK 1/2 phosphorylation at 30 min. hMSCs, human mesenchymal stem cells; PEc, Ec peptide; ERK, extracellular signal-regulated kinase; TGF-β1, transforming growth factor-β; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](MMR-14-04-3066-g00){#f1-mmr-14-04-3066}

![Quantitative analysis of the mRNA of Col I, Col II and Col X in hMSCs as assessed by reverse transcription-quantitative polymerase chain reaction, after the administration of TGF-β1, PEc and the combination of both at different time points (2, 4, 6, 8, 10 and 15 days). (A) Administration of PEc (17 nM) and of PEc+TGF-β1 lead to significantly lower expression of Col I compared with that obtained by TGF-β1 treatment at day 15 (P\<0.001). (B) PEc and PEc+TGF-β1 administration were also associated with significant elevation of thew expression of Col II compared with that obtained by TGF-β1 (P=0.002). (C) No significant difference was observed in any of the three treatments in respect to Col X expression. ^\*^P\<0.05, ^\*\*^P\<0.005. hMSCs, human mesenchymal stem cells; Col, collagen; TGF-β1, transforming growth factor β1; PEc, Ec peptide.](MMR-14-04-3066-g01){#f2-mmr-14-04-3066}

![Alcian blue glycosaminoglycan staining and quantification in hMSCs treated with PEc, TGF-β1 or with a combination of both, at different time intervals (2, 4, 5, 10 and 15) days. (A) All treatments resulted in a time-dependent increase in Alcian blue staining compared with the untreated hMSCs (P\<0.001 in every case). (B) No significant difference was observed in the Alcian blue staining caused by each of these factors when compared with each other. ^\*^P\<0.05, ^\*\*^P\<0.005. hMSCs, human mesenchymal stem cells; TGF-β1, transforming growth factor-β; PEc, Ec peptide.](MMR-14-04-3066-g02){#f3-mmr-14-04-3066}

![(A) Determination of the effects of PEc, TGF-β1 and the combination of both, in the hMSC attraction as assessed by migration/invasion assays (Transwell system) at 24 h. The top well always contained the hMSCs. PEc and PEc+TGF-β1 were associated with a significant increase in hMSC migration and invasion compared with TGF-β1 alone (migration assay PEc vs. TGF-β1: P=0.04, PEc+TGF-β1: P\<0.001; invasion assay, PEc vs. TGF β1 and PEc vs. PEc+TGF β1: P\<0.002). (B) Wound healing assay of the effects of PEc, TGF-β1 and TGF-β1+PEc on the HMC mobilization. (C) Quantification of the wound healing assay. The combination treatment presented a significant increase in migration of hMSCs compared with the PEc alone (P=0.004). HMC treated with PEc in combination with TGF-β1 presented a much greater mobilization activity in 24 h compared to the HMC treated with TGF-β1 alone (one-way analysis of variance, P=0.008, n=3). ^\*^P\<0.05, ^\*\*^P\<0.005. PEc, Ec peptide; TGF-β1, transforming growth factor β1; hMSCs, human mesenchymal stem cells.](MMR-14-04-3066-g03){#f4-mmr-14-04-3066}
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